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APPLICATIONS OF A SMALL ELECTRONIC DIGITAL COMPUTER 
TO PYROMETALLURGICAL RESEARCH / 


by 


R. J. Leary2/, R. W. Smith, Jr.2/, and B. J. Mitchel4/ 


SUMMARY 


A small electronic digital computer employing punched cards has been used 
to facilitate the solution of a variety of problems in Bureau of Mines pyromet- 
allurgical research. In this work the computer has been found to be economical 
for solving both simple problems that occur repeatedly and those involving com- 
plex or iterative calculations. Each of these classes of problems and their 
respective solutions are described. 


These small computers can be used effectively by researchers when they 
work in consultation with a computer specialist. Close team work produces the 
required solutions in less time, and, oftentimes, in a more useful form. Par- 
ticipation in programming by researchers develops in them a skill for evalua- 
ting the suitability of problems for electronic computing. 


small computers are useful and economical for solving a much broader range 
of problems in scientific calculations than is generally appreciated by scien- 
tists who are unfamiliar with the versatility, speed, and low cost of electronic 
computing. On the other hand, computer technologists perceive the limitations 
of a small computer by comparing it to larger ones, and may overlook two advan- 
tages of small computers over desk calculators: (1) They relieve the tedium 
and operational errors that inhere to hand calculation, and (2) they extend the 
scope and magnitude of problems that can be handled by laboratories whose com- 
puter traffic would not justify a large computer. 


INTRODUCTION 


All digital computers work with numbers in their numeriéal form; in this 
respect, a desk calculator is a digital computer. The other common class of 


1/ Work on manuscript completed September 1959. 


2/ Supervising extractive metallurgist, Bureau of Mines, Region V, Bruceton, 
Pa. 

3/ Chief, Electronic Computer Service, Bureau of Mines, Region V, Pittsburgh, 
Pa. 

4/ Formerly. student trainee, Bureau of Mines, Region V, Bruceton, Pa.3 now 
graduate assistant, Department of Mechanical Engineering, Carnegie Insti- 
tute of Technology, Pittsburgh, Pa. 
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computers, the analogue type, works with numbers expressed as a physical quan- 
tity; the simplest and best known of these is the slide rule, which uses 
lengths as proportional to the logarithms of numbers. For arithmetic opera- 
tions digital computers are inherently capable of greater precision in repre- 
senting numbers. The practical advantage of this type, however, is in its 
Capacity to operate precisely at a very high rate of speed and to follow a 
sequence of operations automatically. It is at this point that the limita- 
tions of the conventional mechanical desk calculator become obvious, for there 
is no advantage in automating computational operations beyond the rate at 


which the human operator can enter the data and transcribe the results. Conse- 


quently, when electronic circuitry was developed that could perform arithmetic 
operations at high speed, the way lay clear for the application of these tech- 
niques to computation in the earliest form of an automatic digital computer. 
In this field a wide variety of circuits and programming methods quickly were 
developed to perform automatically a wide variety of calculations. Along with 
this development came the need for capacity to store intermediate results. 
When storage units of great size were developed, the next, and most recent, 
problem became that of speeding the search for stored data to minimize the 
time required for access to stored information. 


The marvels of electronic computing have been widely publicized. By now 
everyone knows that multimillion dollar machines manned by skilled specialists 


can control the supersonic flight of a missile, handle vast quantities of busi- 


ness data, or even play a fair game of chess. All these things are done at 
speeds that are scarcely conceivable in the latest machines, which process 
pieces of data at rates as high as 500,000 per second. 


Dramatic as they are, these and like achievements have tended to obscure 
a development that should be of interest to most scientists and engineers, 
namely, that the penetration of electronic automatic computing into the busi- 
ness machine market has spurred the design of small electronic automatic com- 
puters that can be used as practical tools for most research laboratories with 
regard to both machine capability and the cost for computations. The first 
impression lingers, however, and, as a result, many who might otherwise do so 
are not availing themselves of the advantages of electronic computing. They 
feel that electronic computing is suitable only for exceedingly complex mathe- 
matical situations or for very large volumes of data, that the operating cost 
is prohibitive, and that one must be a skilled mathematician to effectively 
program a computer. It is the hope of the authors that the following brief 
account may somewhat dispel these misconceptions. It relates how a variety of 


problems arising out of pyrometallurgical research were solved successfully and 


economically by scientists and engineers using a small electronic digital com- 


puter at the Electronic Computer Service of the Bureau of Mines, Pittsburgh, Pa. 


FIELD OF RESEARCH 


The work reported herein was conducted during research on pyrometallurgica. 


processes undertaken by the Pyrometallurgy Laboratory, Bruceton, Pa. Facilitie: 


included a blast furnace, open-hearth and electric-arc furnaces, a converter, 
a rotary kiln, and other experimental furnaces. The scope of research varies 
from the development of new processes to the evaluation of raw materials for 
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existing processes. The types of calculations required range all the way from 
those involving attempts to determine complex mathematical relationships between 
physical quantities to those concerned with simple summaries and analyses of 
daily furnace production. 


COMPUTING METHODS 


It is clear that anyone who desires to solve a mathematical problem, even 
the simplest, must first comprehend a relationship in consistent terms between 
the facts at hand and the answer sought. He usually will know the form of rela- 
tionship, either exactly, as in accounting work, or approximately, as in many 
scientific situations. At other times, however, the answer desired may be 
itself concerned with parameters relating to the form of the relationship, as 
in studies of field strengths (electrical, magnetic, temperature or pressure) 
or in statistical correlation studies. In any event, he must perceive a chain 
of relationships, whether parametric or not, linking the facts at hand and the 
answers desired. To actually undertake the solution, he must be able to con- 
ceive a specific sequence of mathematical operations, that is, a program for 
working out the solution. If he intends to use a desk calculator, his compu- 
ting program must be reduced to the operations that this machine can perform. 
Ordinarily, these operations would be the arithmetic ones: Addition, subtrac- 
tion, multiplication, and division, but the newer types can also extract square 
root. Oftentimes he will use facts that are stored in tables, mathematical 
quantities, such as logarithms or trigonometric functions, or perhaps values of 
physical properties, such as temperature equivalents or heat contents. 


To delegate the computation to another would involve selecting a person 
who is capable of performing the operations with his own calculating device, 
instructing him in the specific sequence of operations to be followed, and, 
finally, checking on how well he followed instructions. 


If it was planned to compute this case with an electronic digital computer, 
the preparations would be quite similar. Basically, these computers can per- 
form only arithmetic operations. However, the more specialized machines incor- 
porate means for preinstructing them in how to perform a variety of algebraic 
and analytic operations, such as extracting roots, evaluating series, and sol- 
ving differential relationships. Once the programs have been devised, the 
machine will operate automatically upon them. Thus, electronic digital compu- 
ters can be instructed in how to undertake complicated mathematical procedures, 
and, once learned, they are remembered as long as the program instructions are 
retained. In these regards it can be said that they differ from the desk calcu- 
lator (and, sometimes its operator as well) in being educable to the limit of 
the programmer's knowledge and insight, and they remember entirely what they 
have been taught. 


Whereas desk calculators have very limited capacity for storing interme- 
diate values for subsequent use in the calculation program, all electronic digi- 
tal computers are provided with means for storing bits of information. In the 
larger ones the storage capacity runs to millions of such bits, and tables, 
such as logarithms and specific physical properties, can be stored in tape for 
future use. 
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Speed is the principal source of their utility. It reduces the unit cost 
of data processing for industry and enables the scientist to solve problems 
that are too complex to solve analytically or too repetitious to otherwise 
undertake. A distinctive feature of electronic digital computers that is least 
publicized is the provision for checking the results of each computation. 


THE ELECTRONIC DIGITAL COMPUTER AT THE BUREAU OF MINES 


General Description 


a 60 computer is used at the Bureau of Mines Electronic Computer 
ServiceS (fig. 1). Information is put into this machine on punched cards, 
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FIGURE 1. - Bureau of Mines Computer, Pittsburgh, Pa. 


4/ Subsequent to the preparation of this manuscript, this machine was replaced 
by a Univac 120, a computer that differs from the machine described in 
having twice the storage and punching capacity. 
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and answers are punched by it into cards. The standard Remington Rand 90-col- 
umn accounting punched card (fig. 2) is used, and the necessary auxiliary 
equipment for handling punched cards has been provided. A small permanent 
staff provides the nucleus for operations. 


Typical card field, for 


A typical card number Decimal digits entered Numbers of two or 


identifies the contents into the card-punch more places appear as| | example, the pounds of 
of the card, and may machine are translated | | Successive digits in ore charged in a furnace. 
also be used to instruct | | automatically into a separate columns. 
the computer. biquinary code. \ ge 
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FIGURE 2, - A 90-Column Punched Card. 


The Univac 60 can perform only arithmetic operations directly and on this 
basis is not as advanced as those desk calculators that can extract square 
root. However, this apparent limitation is of no practical significance, 
because algebraic or analytic operations that can be reduced to or approximated 
by a sequence of arithmetic operations may be synthesized for this machine. 


This machine is designated as small because it lacks the means for storing 
intermediate results during a computing program, The six storage registers 
have a total capacity of only 60 digits. For many applications the lack of 
permanent storage poses no problem, since such quantities as transcendental 
functions or roots normally can be computed as required in a fraction of a 
second within a program; in other cases, tabular information can be placed in 
a separate deck of cards to be used as input data. By comparison to some other 
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computers the 60-digit storage is equivalent in usefulness to a far larger 
rated storage capacity, because none of it is consumed to introduce input data 
or operating instructions. 


The speeds of computers are difficult to compare in the abstract because 
the interplay of many rate factors is involved. As a general statement, how- 
ever, Univac 60 operates at a relatively high speed for the computing step and 
a slow speed with regard to data input. If compared to desk calculator opera- 
tions, its speed is of another order of magnitude. For example, a research 
group in the Bureau of Mines used this computer to calculate equilibrium com- 
positions of gases resulting from fuel combustion. Each case required 5 to 10 
iterations to gain a precise answer, and one iteration consumed one-half hour 
at a desk calculator. The research group desired to determine 1800 cases - a 
4k-year job at a desk calculator. Using the computer, 30 hours of machine time 
was required, 


The Univac 60 is particularly well designed for checking the computations 
performed by it. After each computational step the result is back-calculated. 
It must balance against the operand, or the computer will stop. Also, a very 
convenient panel is provided for checking out a test case beforehand. 


Specific Features 
Operating Units 


Referring again to figure 1, the computing machine is composed of a card- 
sensing and punching unit, shown at the left, and the electronic computing 
unit, the large structure extending from the center to the right of the pic- 
ture. These two units are connected by electrical cables. The two removable, 
externally-wired connection panels are visible in the center of the picture 
where they can be seen mounted vertically on the side of the computing unit. 


The punched cards are placed in a feeding magazine in the sensing-punching 
unit, and then are fed automatically into the sensing section where electrical 
pulses corresponding to the location of punched holes in the card are trans- 
mitted to the computing unit. If an answer is to be punched into the card, 
this will take place in the punching section of this unit during the next card 
cycle, that is, while the following card from the deck is being sensed for 
computation, the answers from the preceding computation are being punched into 
the first card. This unit of the computer also contains the control panel, 
which is visible in figure 1 at the right hand of the operator in the left 
foreground. In normal operation only one switch on this panel need be turned 
on, the one that starts the card feeding machinery; at the end of the run the 
machine shuts off automatically. All information relative to the specific 
program is contained in the wiring of the connection panels and, if desired, 
in control punching from the cards themselves. Once a program has been devised 
and checked, it can be reconstituted in the minute or so that it takes to place 


the connection panels in the computing unit, regardless of how complicated the 
computing pattern may be. 
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The operator in the background is preparing to dial the next step during 
her check of the program that is in the machine. The facility with which a 
test case can be checked through step-by-step on this checking panel is invalu- 
able, particularly where a program of complex operations is being set up for a 
short run of data. Using this panel, the operator can advance step-by-step 
through the entire program identifying at each step the arithmetic process 
used, the variables and the storage registers involved and their arithmetic 
values, the signs and decimal locations of these quantities, the sign of the 
result, and whether the step checks. 


Communication of Instructions and Data 


The Univac 60 operates, as stated, upon 90-column punched cards contain- 
ing one digit of information in each column.2/ Related columns of digits can 
be linked together and fed into the computing program as a factor, termed an 
element. If desired, specific instructions to the machine for a card may be 
prepunched in coded digit form to modify the computational pattern through 
selection of alternative elements. 


The principal source of instructions for the computational program is a 
set of two externally-wired connection panels. The input-output panel is the 
lower panel shown in figure 1. It is the means of connecting information 
sensed from the punched holes in the card to the computing unit as digits. On 
this panel related columns of digits are grouped together to form elements for 
use in computational operations. For example, if information concerning the 
weight of ore was punched in columns 41 through 45 (fig. 2), the digits sensed 
in these columns would be transmitted through the input-output panel to the 
computing unit as a group for computation. Figure 3 shows sample input wiring 
for these card columns (designated here as F40 for card field 40). Information 
punched in the cards also is connected through this panel to the computing unit 
for controlling details of the computational operation by selecting devices 
that depend upon the presence or absence of a control punch in the card. This 
panel also connects the storage registers to the punching dies for punching 
answers in appropriate card columns. 


The upper, or constant-program, panel in figure 1 performs four major 
functions by external wiring. First, it provides the means for wiring constant 
values into the program as elements from a bank of digit-emitting circuits 
within the machine (fig. 4). Second, the basic sequence of operations and all 
alternatives that are required for contingencies are established on this panel 
(fig. 5). Third, instructions regarding the content of each computational 
step are given here (fig. 5). Fourth, decimal point locations within each ele- 
ment and storage register are set up on this panel (fig. 4). 


5/ This machine also can respond to alphabetical information for control pur- 


poses and can reproduce such information, but alphabetical operations 
will not be discussed. It will not compute alphabetical data. 
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Output 


The answers developed are punched in either the same card bearing the in- 
put data or a following card. Since the answers come from the storage regis- 
ters, a maximum of six 10-digit numbers can be punched. 


Capacity and Speed 


All 90 columns of the punched card are sensed and any 60 columns may be 
used for computational data. These 60 digits may be divided into a maximum of 
36 elements. The number of digits in an element can vary from 1 to 10, but 
the total number of digits for all elements cannot exceed 60. As many as 36 
constant elements, each one variable from 1 to 10 digits in size, can be emit- 
ted internally, but the total of constant and card-sensed elements may not 
exceed 36. That is, whether an element originates as a variable from a card 
or a constant within the machine, the number of elements that may be employed 
in the computational sequence is limited to 36 unless selection of alterna- 
tive elements is undertaken during the computational program. The decimal 
point for each element is wired externally through the connection panel to 
decimalize the result of each computational step. Through use of selectors 
the decimal locations can be varied as needed. 


The result of each computational operation is usually directed to a stor- 
age register where it remains available for recall as often as needed. When a 
result is directed into a storage register, the previous content of that regis- 
ter is erased. A register that supplies a value for a computational step can- 
not receive the result of that step. Each storage register has a capacity of 
10 digits and sign and is decimalized. 


Each computational step, and there are a total of 40 available, involves 
one arithmetic operation of values of one element or stored quantity upon 
another, routing the result to a storage register, and directing the computer 


to the next step. For example, the addition of 3 numbers would require two 
steps: 


Step 1: 
Step 2: Rl + 


The same value may be used as both operator and operand in a step whether 
this value comes from storage, the card, or is a machine-emitted constant. 


Each step calculation is performed at the following average rates: Addi- 
tion or subtraction, 100 per second, multiplication or division, 20 per second. 
Each step is performed sequentially so that the total computing time is the 
sum of the respective times required for the step computations. 


The minimum time requirement for computation is limited by the rate at 
which cards can be fed. The machine will feed cards at a constant rate of 150 
per minute. Out of this residence time of 400 milleseconds, 75 milleseconds 
are required for feeding, sensing, and punching the card, and 325 remain for 
calculation. If the calculation requires more than 325 Milleseconds, the 
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computer automatically waits until the signal at the end of the calculation 
has been given before punching, feeding and sensing the next card. 


Decision Functions 


The provisions for decision-making that are incorporated in an electronic 
computer provide at once its greatest asset for scientific calculation while 
forming the deepest trap for the unwary programmer. These machines are intrac- 
tably logical (in the pattern, anyway, of the logic in their design) and make 
no allowance for any unforeseen failures to provide an instruction for action 
in each decision situation that arises. Fortunately, an aptitude for thinking 
in patterns of mathematical logic is characteristic of scientists, so that 
once the logic pattern and limitations of a particular computer have been 
learned, the scientist experiences only occasional difficulties in this regard. 


The Univac 60 has two types of built-in functions for making "yes-no" 
decisions, branching and selection. Branching is the term applied to the 
alternative routing that exists for the progress of the computer program from 
each step depending on whether the result of the step computation was positive 
or negative. A zero result is always considered positive. The other decision 
function, selection, allows a choice of alternative operating instructions 
depending upon a wired-in instruction, the presence or absence of a control 
signal from a control instruction punched in the card, or the plus or minus 
branching of a step. There are 36 selectors for selecting a total of 96 
alternatives. 


It is difficult to describe adequately the importance of these decision 
functions in the abstract. Perhaps their value will become evident in the 
descriptions of the specific problems below. It is sufficient for now to 
state that this type of function really separates electronic digital computers 
from desk calculators in a fundamental sense. 


Auxiliary Card Handling Equipment 


The computer, as indicated earlier, senses information in the form of 
holes in cards and supplies its answers in the same form. Consequently, a 
certain amount of auxiliary card handling machinery is required to translate 
the input information, supplied as ordinary decimal digits, into punched-hole 
language that can be communicated to the computer. To make the results mean- 
ingful, some means also must be provided for translating the results from 
punched-hole notation back to decimalized numbers. This need for translation 
machinery is inherent to the punched card method. Although this computer uses 
the standard Remington Rand punched card notation, it typifies the situation 
for computers that use other types of coded data, for the punched cards indi- 
cate values by a non-decimal system of numeration known as biquinary. It is 
related to Roman numeration. Table 1 compares the numerational representations 
of the first 10 numbers in the decimal, Remington Rand biquinary, Roman biqui- 
nary, and, for information, the binary system. The latter system is widely 
used in computers for performing the actual computations. 
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The array of machines at the computing center is typical of a punched card 
installation. There are several verifying keypunch machines, for punching the 
cards and then repunching them to verify the original punching, and a mechanical | 
verifier to detect punching errors. These are the machines that translate | 
information into punched card language. Equipment for retranslating includes | 
a machine known as an interpreter that prints decimal numerals on the punched 
card corresponding to the information punched in it, and tabulating machines 
to prepare listings on paper tape of the information contained in punched form 
on the cards. Two other types of machines are used for marshalling data in 
punched card form. There are sorters, which assemble cards in the desired 
order, and a collating reproducer (a marvelous machine in its own right) that 
will reproduce cards, compare the content of cards from two supposedly identi- | 


cal decks, or interfile two decks of cards in proper order. All of these 
machines are used at some stage in either preparing the cards for calculation 
or printing a record of the answers obtained. | 


Computing Center Personnel 


The Electronic Computer Service is staffed by two mathematicians and three 
machine operators. This group provides the nucleus for operations, and can | 
undertake all of the work necessary to provide a complete set of calculations. 


Programming 


This is a process which translates relationships from the logical and 
mathematical language of the scientist into instructions phrased in the lan- 
guage of the machine and provides for orderly and unambiguous communication 
between them. 


Research personnel are encouraged to participate in programming. Typi- 
cally, they discuss their problem with the mathematicians on the staff of the 
computing center and decide upon the features of the computing program. The 
machine operators prepare the cards. Meanwhile, the research personnel furnish 
information for the development of the program in detail. As questions arise, 
and they invariably do, one of the mathematicians is consulted. When the pro- 
gram is complicated, it may be checked on the computer by the research men. 

It is at this stage in the development of a program that the facility for run- 
ning a test case by means of the checking panel on the computing unit is very 
useful. Experience has shown that a brief consultation with the computer spe- 
Cialist will often resolve in a few minutes any difficulty that may have arisen 
in the construction of the program, 


In many installations this work is performed only by an experienced spe- 
Cialist, but the authors have found from their experience with this computer 
that a man with a logical mind can program some of his own problems after sur- 
prisingly little training. Since very few problems are simple enough to be 
completely understood in terms of machine language beforehand, adjustments 
usually must be made to the initial program. 
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PROBLEMS AND TYPICAL SOLUTIONS 
Classes of Problems 


In the processing of either scientific or business data those problems 
that are suitable for computer solution may be divided into two broad classes: 


1. Problems that require performance of the same calculation pattern 
on a large number of data. 


2. Problems that require very long, complex or iterative processes 
for their solution. 


In the following sections each of these classes will be discussed and 
illustrated by examples of problems that have been solved effectively and eco- 
nomically using the computing facilities described above. 


Examples of Problems 


Class I. Problems of a Repetitive Nature 


Scope 


This class of problem usually involves a large number of small groups of 
data on each of which a limited number of simple calculations are to be per- 
formed. The relationships between the variables are predetermined and usually 
are arithmetic. General accounting procedures such as payroll, inventory, and 
statements of income and expenditures fall into this category. The problems 
described herein exemplify this class of problem in scientific work. 


A. Tabulations of Thermodynamic Properties 


One of the earlier problems posed by the Pyrometallurgy Laboratory was 
that of calculating the heat content of pure iron at intervals of 5° F. over 
the range of 0° - 3000° F., taking account of the phase changes and change of 
state that occurred. Estimating equations relating temperatures in degrees 
Kelvin to heat content in calories per gram-mole had been published by Kelley&/ 
as follows: 


Fe(a@), 298 to 1,033°K_ (extrapolated to 273°K for this table) 


- = “372 _ ao ae 


Fe(8), 1,033 to 1,179°K 


H7-H298,16 = 10.40T - 4,280 


Fe(y), 1,179 to 1,674°K 


Hy-Ho9g.16 = 4-85T + 1.50x1073T2 + 390 
6/ Kelley, K. K. Contributions to the Data on Theoretical Metallurgy. X. 


High-temperature Heat-content, Heat-capacity and Entropy Data for Inor- 
ganic Compounds: Bureau of Mines Bull. 476, 1949, p. 86. 
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Fe(6 1,674 to 1,803°K 


Fe(lig.) 1,803 to 1,900°K (extrapolated to 1,922°K for this table) 


Hy-Ho98, 16 = 10.,00T - 180 


Although each calculation was simple, the problem nonetheless was to 
undertake 601 sets of calculations involving transformations of integral values 
of Fahrenheit temperature to fractional values of Kelvin temperature, selecting 
the proper equation for the temperature, calculating the answer, and finally 
expressing it in B.t.u. per pound instead of calories per mole. It was decided 
that this problem was suitable for computer solution. 


The program for this problem was unusual since no data were fed to the 
computer. The computer calculated the heat content of iron at 0° F. and 
punched out this. temperature value and the results into a blank card. It 
then was instructed to increase by 5° F. the value of temperature that had 
been stored from the first card and to proceed with the heat content calcula- 
tion corresponding to that new temperature level. By continuing in this manner 
the computer created its own data internally and stopped computing only when 
the value of temperature in its memory reached 3,0059 F. This technique of 
internal data creation eliminated completely the cost of preparing any cards 
for the computer. 


The time required to program and compute the entire deck was: 


Metallurgical technologist ........ 1 day 
Computer specialist w.ccccesesesveses 2 hours 
Computer time: 
To check test case ....eeeee0. 1/2 hour 
To compute 601 values ........ 12 minutes 


Overall, the time saving was 80 percent; the table was prepared in 1 day, 
instead of 6 days at a desk calculators; and the cost saving was 55 percent 
when compared to the cost for a clerk operating a calculator. Most important, 
an error-free tabulation was obtained in two useful forms: A legibly printed 
tape for desk reference, and a deck of cards that could be used as a source of 
heat content data for subsequent work. 


The original program for this work is given in figure 6 as a concrete 
example of how a simple computer program was worked out. Figure 5 shows sam- 
ples of the step and computation wiring, and figure 7 presents a sample calcu- 
lation. 


The notes on the program sheet for the most part are self-explanatory. 
The upper section, headed "Table of Factors" provides space for listing the 36 
permissible elements; in this instance no information was read into the compu- 
ter from the cards. and all 27 constants were developed within the machine. 
The center table provides space for identifying each step and the next step to 
be followed. Notice how the steps can be used in any order. At the bottom. 
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space is set aside for specifying which information is to be punched into the 
cards, and, in the lower right corner, for designation of certain operating 
functions. 


Starting with a deck of blank cards and a cleared machine, the first card 
was calculated (beginning at step 5) for 0° F. from a machine-fed value of 
zero. Next, 5° F. was added to the temperature (step 34) and the result was 
placed (step 4) in storage register No. 1 (S,) for use with the next card. 

Use of branching to select the proper equation of state by reference to estab- 
lished temperature limits is seen in steps 7 through 10. The operation in 
steps 30, 31, and 33 rounded off the answer in the final decimal places it 
simply added 5 to the place to the right of the digit to be rounded, and if 
the digit in that place was already 5 or higher, the addition of 5 more carried 
over 1 to the round-off column. After the step 33, four storage units, S), S92, 
S3, and Sy, were set for punching the answers desired. The machine was routed 
to Set I, the signal that set the punching dies, then to steps 34 and 4 to 
establish a temperature 5° F. higher for the next card, and finally to Trip, 
the operation that discharged the card from the machine. The next card was 
fed automatically and the cycle started anew. The arrangements for halting 
the calculations after the 3000° F. data were punched are shown in steps 1-3. 
The machine was not stopped until the second cycle after this temperature to 
allow time for the last card calculated to be punched and fed into the receiv- 
ing hopper. By using a sorting instruction, Sort I, these last two cards were 
segregated in a separate receiving hopper. 


B. Periodic Analyses of Experimental Blast Furnace erations 


A major project of the Pyrometallurgical Laboratory is concerned with 
research upon ironmaking in a 4-foot hearth blast furnace. L/ The project 
supervision was faced with a formidable problem in analyzing the results of 
operations for both daily and nondaily periods of particular interest because 
sO many variables had to be considered. 


A system for processing these data through the computer has been developed 
and placed in operation at the computing center in Pittsburgh. It included the 
design of new data forms suitable for fast, accurate card punching without any 
intermediate transcription of operational data. 


This computer program handles not only a large volume of data, but a wide 
variety of data items and results as well. It has a capacity of 46 items of 
input data read by the computer from 9 different card forms and an output of 
48 summary results. The calculations desired were found to be adaptable to 
machine computation since there was considerable similarity in the methods used 
to reach the various results. Among the 48 output items are 10 arithmetic 
averages, 10 weighted averages, 21 cumulative totals, and 7 ratios. Owing to 
the similarities referred to above, these results were accomplished in a pro- 


gram of only 60 arithmetic steps (the summary cards are passed through the conm- 
puter twice). 


7/ Bosley, J. J., Jr., and Royer, M. B., Results of Operations with an Experi- 


mental Blast Furnace: Blast Furnace, Coke Oven and Raw Materials Proc., 
AIME, vol. 17, 1958, pp. 256-263. 
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The program includes provisions by which the computer may compensate for 
missing data, such as chemical compositions of metal or slag. It “recognizes” 
which data items each card contains and then proceeds to select the program 
tailored to the type of data in the card from one of six programs that have 
' been designed to encompass all of the computing patterns required. When the 
computer recognizes a summary card, that is, a card for answers, it selects 
the proper summarizing program from four that have been prepared for computing 
and punching the desired results, using the information accumulated from the 
preceding detail cards. 


A major advantage of this type of program is that summaries of operations 
may be made on any number of arbitrary intervals within a particular time span 
of furnace operations. A summary for such an interval can be accomplished sim- 
ply by inserting summary cards at the desired places in the original deck of 
detail cards, and then feeding these cards to the computer. A typical summary 
is shown in table 2. Currently, summaries are being obtained for two concur- 
rent divisions of time, by day, and by periods of constant operating conditions 
(burden ratio or blast rate). The number and variety of these time divisions 
can be altered or extended as conditions change without any alteration to the 
existing program other than changing the location of the summary cards in the 
decks of cards. 


A second advantage is that all operational decisions are made by the com- 
puter, so that a minimum of effort and time is required of the computer opera- 
tor. Such a routine pattern is highly desirable for data processing because 
it makes results available as quickly as possible with assured accuracy and 
orderly presentation. 


The entire daily summary is prepared and tabulated in less than 2 hours 
by one machine operator, and fully one-half of this time is consumed in punch- 
ing the cards, which average about 120 per day. A summary for a period of 
Operations embracing portions of days is prepared in less than 1 hour from the 
detail cards that have been punched previously for the daily summaries. Con- 
trast this with an everage of six hours' work by an experienced employee using 
an automatic desk calculator to make a daily summary and a like chore for each 
period summary desired. Not only has the actual cost for a summary been 
reduced to one-quarter of the cost when using a desk Calculator, but a skilled 
technician has been freed for creative work, and all of the data remain readily 
available for further investigation. 


Class II. Problems Involving Complex or 
Iterative Calculations 


Scope 


Problems of this second type are those which are extremely difficult for 
desk calculation. Relationships are usually algebraic. At times an analyti- 
cal solution seems hopelessly complex, so resort must be had to a numerical 
approximation which itself may be exceedingly lengthy. Typical operations of 
this character include the evaluation of a series to a specified convergence 
interval or the solution of partial differential equations or higher rank 
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matrices. In the latter case, interest lies in determining precisely small 
differences between very large numbers. Machine computing is appropriate for 
such problems even though only a few cases may be presented for solution. In 
fact, such problems are characterized by relatively small groups of input data 
that are to be operated upon in a large number of intermediate calculations 
which often are repeated in cyclic fashion. The computer need only be given 
the instructions for one cycle, a means of looking back to its start, and cri- 
teria for deciding when the results of the desired precision have been reachea. 
Of course there is usually a much more sophisticated mathematical background 
in the nature of such problems compared to those of the first class discussed, 
but this is no cause for concern, for these problems only arise from the work 
of scientists who are themselves mathematically inclined. At times, difficulty 
may be experienced in reducing such problems to a routine of permissible 
instructions within the limitations of the computer. It is at this point tha 
the computer specialist must probe his resources: Personal experience, pub- 
lished references, and innate ability, principally the latter. 


a Sa a a — en mn —_ 


A. Unsteady State Heat Losses to Furnace Walls 


A problem of this type was posed when it was desired to evaluate the heat 
losses to the walls of a preheater furnace that was being developed. Tempera- 
ture readings at selected locations within the walls had been recorded at vari- 
ous times after the start of heating, and the approximate temperatures on the 
interior wall also were known. To calculate the heat losses to the furnace 
walls at each location, it was necessary to approximate closely the tempera- 
ture-time curve for each location by a simple power series in time. In terms 
of heat transfer theory, a solution of the Fourier equation was desired for 
unsteady heat flow through a wall where the hot-face temperature was increas- 
ing with time and position. 


Curve fitting was accomplished by the Method of Least Squares. This 
method is familiar to many from experience in fitting a linear curve to data. 
In this instance, however, the fit was to be made to a power series because 
the temperature data were plainly curvilinear with respect to time. This type 
of problem is extremely tedious by hand methods of calculations. First, a 
reasonable choice must be made of the number of terms needed. If the series 
chosen is of the "nth" order, the solution involves creating (n+l) simultane- 
ous equations from the coordinates of the known points and solving these for 
the (n+l) coefficients of the terms in the series. 


A similar problem had already been programmed by the Computing Center for 
another research group within the Bureau of Mines, so that with only minor 
modifications the desired curve fitting was accomplished. 


From the empirical equations that were developed relating heat losses to 
the temperatures in the interior of the walls and the physical properties of 
the wall materials, accurate predictions of the wall temperatures could be 
made. The result was a relationship that required only a knowledge of the 
furnace temperature and wall conductivity (both factors being known by a 
designer) and was accurate enough to use in predicting heat losses to the walls 
of similar furnaces that might be designed. Without a computer this problem 
probably would not have been tackled. 
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B. Characteristics of Fluid Flow and Flame Stability Criteria in a New Type 


of Burner. 


A problem simpler by far than the foregoing was one concerned with rela- 
ting the flow patterns in the channels of an experimental type of burner 
through the Reynolds number to a criterion of flame stability that incorporatec 
the Reynolds number to a fractional power. Calculations of this type are 
always tedious, hence liable to error. In this instance an afternoon's work 
with the computer produced results that would have required several days of 
desk calculation. 


RELIABILITY OF COMPUTERS 


Reliability, as discussed here, has two aspects, namely: (1) The opera- 
bility of the computer when it is needed and (2) its error-free performance 
when in operation. 


At least a half-dozen types have been produced in quantities of a hundred 
or more. AS a result, considerable experience has been accumulated in their 
use, and these mass-produced computers will have an availability ranging from 
80 to more than 90 percent. 


In the authors' experience, the computer described will operate error- 
free for days at a time. This computer when operating at its lowest speed 
(multiplication or division) need only operate error-free for 6 minutes to 
perform as many operations as a Clerk performing three divisions per minute 
upon a desk calculator for an entire week. Repeated studies have shown that 
such clerical operations are 92 to 96 percent error-free if unchecked. Indeed, 
the greatest source of error in computing is in the preparation of the punched 
cards, a manual operation. However, the accuracy rises far above usual cleri- 
cal operations when the cards are verified. In terms of probabilities, if the 
Original punching and the verification are each only 92 percent correct, the 
proportion of errors in each stage will be 0.08, and the probability of an 
undetected error in both will be (0.08)2 or a mere 0.64 percent. Further, 
errors in punching or computing usually can be detected by scanning the 
detailed tabulations of results. Because errors, when they occur, are usually 
evident, punched-card processing is sometimes criticized. What is lost sight 
of is the fact that the unrecorded error occurring in desk calculator opera- 
tions (and slide rules, too) exerts its influence although often not detected. 
These thoughts are particularly pertinent to scientific calculations where the 
auditing and verification procedures so common in accounting work often are 
not applicable, 


COSTS 


The rental cost for a computer of the type described ranges from $4.16 to 
$5.42 per hour for one-shift operation, depending on the number of program 
steps, elements, selectors, and constants that are desired. The model at the 
Bureau Of Mines is completely equipped. Rental of the necessary auxiliary card 
handling equipment averages $4.00 per hour. These costs include maintenance. 
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The personnel cost for computing will be highly variable. In general, 
the cost of card punching will be negligible for scientific problems, unless, 
-as in the blast furnace case, the volume of cards is substantial. The major 
cost for one-time jobs will come from the programming, wiring, and checking 
works; the cost for the computer operator usually will be small. 


DISCUSS ION 


The foregoing examples have been presented to indicate the scope of pro- 
blems that have been solved successfully using a small electronic digital com- 
puter on a part-time basis during the past 3 years. A total of 32 programs 
were developed in this period to meet the demands of the experimental work of 
the Pyrometallurgy Laboratory.8/ 


Close teamwork between the research technologist and the computer special- 
ist has been mutually beneficial. A complete explanation of the problem by 
the technologist often results in a recommendation by the computer specialist 
that adds strength to the analysis and invariably conserves the time of both. 


Participation in programming by research personnel has developed a sea- 
soned approach to electronic computing with the result that the advantages of 
computing are foreseen before it is undertaken. As a corollary, several pro- 
blems that might otherwise have been computed electronically have been calcu- 
lated by hand because no advantage was foreseeable. 


The examples cited represent only a small fraction of the types of pro- 
blems that are amenable to solution on a small electronic digital computer. 
They do, however, exemplify the application of a number of techniques that 
make these machines so versatile and typify the several advantages that accrue 
from placing data in an accessible form, such as punched cards, followed by 
performing the calculations with an electronic computer. 


The program for calculating the heat content of iron (I,A) illustrates 
the use of the branching function to choose the proper enthalpy-temperature 
equation from several alternatives by comparison with constant limit values. 
It also shows the use of internally produced constants. The generation of 
enough information for the next card followed by the computer's automatic oper- 
ation upon it exemplifies in a simple form the program “loop™, a distinctive 
and valuable property of these computers. The deck of cards that resulted has 
been used repeatedly to place values of the heat content of iron into cards 
that carried temperature readings from experimental runs, thus enabling summa- 
ries of heat input to be determined for hundreds of readings in a matter of 
minutes. 


The blast furnace data processing program that was described in (I,B) is 
a good example of card=-controlled programming. The distinctive 2-digit deck 
number would be an essential part of the card design in any event for it is 
needed in separating the 9 different card forms that are used for these data. 


8 / This represented approximately one-tenth of the experimental computer traf- 


fic at the center during this period. 
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The plug holes in the input-output panel that correspond to the deck numbers 
are connected to selector switches, and the machine automatically selects the 
proper program from what are essentially six different programs operating 
through one set of program steps. This is a rather highly developed program | 
for this size of computer. By comparison, the previous example was worked out | 
in a straightforward step-by-step application of a desk calculation pattern to | 
the computer. These two examples illustrate how skill was developed in pro- 
gramming over the past 3 years on a variety of small jobs that aggregated per- 
haps 1 man-year. 


The evaluation of the Fourier equation cited in (II,A) indicates how an 
approximate solution can be obtained for a mathematically complicated rela- 
tionship with the aid of a computer specialist who is likely to have encoun- 
tered a problem of the same pattern previously. This example also illustrates 
how scientists may readily undertake precise fitting of curves that either by 
the nature of the relationship or by inspection of the data could not be real- 
istically construed as linear. 


Finally, the calculation of relationships involving fractional powers and 
roots (II,B) becomes a simple exercise in programming and when thus carried 
out not only saves time, but results in virtually error-free results for a 
Calculation that is highly liable to errors that can remain undetected when 
Carried out with slide rules and log tables. 


Contrasted to the popular view of electronic computers as gigantic com- 
plexes of expensive machinery, a moment's reflection upon the foregoing dis- 
cussion will suggest that, in fact, small electronic computers not only are 
suitable for solving a broad range of scientific problems including many that 
arise frequently, but also hold out definite possibilities for marked reduc- 
tions in cost compared to desk=-calculated work. They also offer assurances of 
faster answers, improved accuracy, and continued accessibility of data. Ina 
laboratory where the volume and the monetary value of computer traffic is far 
too low to consider the installation of a large computer, a small computer has 
been unquestionably beneficial and economical in solving a wide variety of the 
problems that arise in minerals research. 
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